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Abstrakt

V zapadni Casti arealu vyskytu kalond rodu Rousettus byla studovana jejich biogeografie,
populaéni struktura a fylogenetické vztahy. Souc¢asné populacni vzorce tohoto rodu kalofiti na
Uzemi Starého svéta jsou ovliviiovany ruznymi vlastnostmi prostfedi souvisejicimi s topografii,
klimatem a krajinnym pokryvem. Tyto proménné se odrazi v plesiomorfiich kalofit spojenych
s ekologickou nikou tropickych létajicich plodozravcl, stejné jako v apomorfiich rodu Rousettus,
které zahrnuji schopnost echolokace, osidlovani jeskyni a schopnost Sifit se i v nezalesnéné
krajiné. Fylogenetické vztahy mezi druhy a poddruhy rodu jsou naznaceny a konfrontovany s
dosavadnimi scénafi kolonizace. Ostrovni populace (v€etné biotopl v poustnich oazach)
vykazuji Castou genetickou diferenciaci od svych pfibuznych na pevning, coZz naznacuje
uspésné zakladani kolonii po prekonani usekl nevhodnych stanovist. Geneticka odliSnost
kalonl vyvijejici se na méné vzdalenych ostrovech naznaduje zapojeni behavioralnich
mechanism, které udrzuji soudrznost izolovanych oblasti, jako jsou filopatrie a upfednosthovani
natalniho habitatu. Na obrovské ploSe sub-saharské pevninské Afriky, ktera saha od jizni
hranice Sahary az ke Kapskému poloostrovu, sdili kalori egyptsky homogenni jaderny fond,
avSak tvofi dvé mitochondrialni haploskupiny, které se Caste€né vyskytuji v sympatrii.
Pozorovany jev mohl vzniknout vlivem klimatickych vykyv( v Plio- / Pleistocénu a diferenciaci
v ramci hypotetickych lesnich refugii v Konzské panvi a / nebo Horni Guineji a ve vychodni
Africe. Soucasné rozSifeni obou haploskupin naznacuje rizné zpuUsoby rozsSifovani z téchto
refugii a moznost existence adaptivnich vlastnosti spojenych s mitochondrialni DNA. Rozdilna
situace byla odhalena na severni hranici rozSifeni rodu na Stfednim vychodé. Slozita
geomorfologie regionu spolu s efekty zakladatele a pozdéjSi kolonizaci zplsobila mélkou
diverzifikaci populaci, kde genetické vzdalenosti odrazi fenomén ,isolation by distance* a ¢asté
ostrovni efekty. Pozorované patrnosti byly zjistény pomoci mitochondrialnich a rychle se
vyvijejicich nuklearnich markerd. Podrobna studie kontaktni zény mezi stfedomorskymi a
poustnimi oblastmi Levanty potvrdila prudky gradient jak genetickych, tak morfologickych rysu
mistnich kalonl, shodujici se se vzorcem ,isolation by environment* a ,isolation by adaptation a
ukazujici na pritomnost dvou ekotypu. Lidska aktivita zahrnujici péstovani strom0 v této oblasti
zvySila mnozstvi vhodnych stanovist pro ukryt a potravu kalont a tim ovlivnila ekologii obou
ekotypu, avsak vliv lidské €innosti na jejich hybridizaci nebyl prokazan. Vzhledem k tomu, Ze
kaloni hraji zasadni roli pfi opylovani a disperzi semen velkého poctu rostlin, pfedstavuji klicové
druhy pro dané lesni ekosystémy. Nanestésti, pfedevS§im malé populace kalonud jsou ohrozeny
zvysujicim se vyuzivanim pldy, zemédélstvim, jejich statusem SkudcU, lovem pro maso a jejich
kontroverzni roli v pfenosu virt (Ebola, Marburg, atd.). Z téchto divodu a vzhledem k vyznamu
kalonll rodu Rousettus pro obnovu lesa a jejich schopnosti nové kolonizovat i sucha a vzdalena
mista, jsou vhodnym pfedmétem studia ochranarské biologie a ekologie obnovy.



Abstract

Population structure, biogeography and phylogenetic relationships of the fruit bat genus
Rousettus have been studied in Africa and adjacent regions. The current population patterns of
rousettine fruit bats in the Old World are influenced by several environmental attributes, namely
the topography, climate and land cover. These variables are mirrored in fruit bat plesiomorphies
related to the ecological niche of tropical flying frugivore, as well as apomorphies of rousettines
including echolocation ability, roosting in caves and dispersal capacity in open landscapes with
discontinuous tree cover. Phylogenetic relationships among species and subspecies of the
genus have been indicated and confronted with the existing colonization scenarios. Insular
populations (including habitat islands within desert oases) show frequent genetic differentiation
from their mainland relatives suggesting successful founder events after traversing stretches of
unsuitable habitats. Genetic differentiation evolving in less distant islands suggests involving
behavioural mechanisms maintaining cohesion of isolated demes as site fidelity and natal
habitat-biased dispersal. In sub-Saharan mainland Africa within the large range reaching from
the southern border of Sahara to Cape Peninsula, Rousettus populations share a homogeneous
nuclear pool but form two mitochondrial haplogroups that occur partly in sympatry. The observed
pattern is attributed to the Plio- / Pleistocene climatic oscillations and differentiation within
hypothetic forest refugia in the Congo basin and/or Upper Guinea and in eastern Africa. The
current distribution of both haplogroups implies different modes of dispersal from particular
refugia and the possibility of adaptive traits associated with mitochondrial DNA. A contrasting
situation was uncovered on the northern border of the genus’ distribution, in the Middle East. A
complex geomorphology of the region together with founder effects and a later colonization have
caused fine-scale population diversification, isolation by distance and frequent insular effects.
The observed patterns have been discovered by means of mitochondrial and fast evolving
nuclear markers. A detailed study of a contact zone between Mediterranean and desert habitats
in the Levantine region confirmed a steep gradient in both genetic and morphological traits of the
local fruit bats, concordant with isolation by environment and isolation by adaptation and
indicating the presence of ecotypic variation. Human activities including horticulture have
increased the amount of roosting and foraging sites, thus affecting movement ecology of both
ecotypes, however, the impact of anthropogenic changes in the environment on the admixture
was not proved. Since fruit bats play a crucial role in pollination and seed dispersal of a large
number of plants and trees, they represent a keystone species of respective forest ecosystems.
Unfortunately, especially small populations of fruit bats are threatened by increasing land-use,
agriculture, their conflicting status as pests, their hunting for bushmeat and controversial role as
vectors of viruses (Ebola, Marburg, etc.). For these reasons and due to the importance of
rousettine bats for forest recovery and their ability to pioneer dry and distant habitats, they are
proper object in the fields of conservation biology and restoration ecology.



Uvod

Kaloni, Pteropodidae, pfedstavuji monofyleticky taxon podfadu Yinpterochiroptera. Tito létajici
savci s mnoha unikatnimi adaptacemi, fytofagii a nesmirnou dulezitosti pro ekologii a
ekonomiku, pochazi pravdépodobné z Asie a jsou rozsifeni pfedevsim v tropech a subtropech
Starého Svéta. K této Celedi o &tyficeti dvou rodech a asi sto osmdesati Sesti druzich patfi rizni
letouni od velikostné priimérnych po nejvétsi na svété a mnoho z nich hraje kliCovou roli pfi
opylovani a rozSifovani semen. Orientace na nehybnou barevnou potravu vedla ke vzniku
dominance sluchu a Cichu a souvisejicich morfologickych adaptaci jako jsou velké o¢€i, tapetum
lucidum nebo caniformni rhinarium. Casto vyhledavaiji a pfijimaji potravu ve velkych skupinach a
néktefi migruji v souvislosti s fenologii pfisludnych rostlin . Kaloni vétSinou vyhledavaji ukryty ve
stromech nebo jeskynich — mlze se jednat o samostatného jedince nebo skupinu Citajici az
stovky tisic kust. VétSina druhu, a prfedevsim ty, které Ziji solitérné, jsou zabarveny do hnéda a
nenapadné, ale néktefi samci maji na hlavach a ramenou barevnou delSi srst, ktera upozornuje
na jejich pachové Zlazy. Tyto rysy jsou spojené s epigamnim chovanim, které je nékdy dost
hlasité a slozité (Altringham, 2011).

Casteéné diky schopnosti echolokace (mezi kaloni ojedinélé), ktera umozriuje ukryt se pres den
ve tmé jeskyni, a Castecné diky vyjimeéné kapacité téchto zvifat k disperzi, je Rousettus rodem
kalonl s nejvétSim rozsifenim. Jeho areal zahrnuje Orientalni, Afrotropickou a Saharo-arabskou
biogeografickou oblast (Juste et al., 1999).

Na zakladé fylogeografickych vzorcd rlznych organismi se podafilo identifikovat Plio-
Pleistocénni refugia v mirném pasmu severni polokoule (Hewitt, 1999). Dopady klimatickych
zmén v tomto obdobi jsou relativné dobfe prostudovany, nicméné srovnatelné jasna lokalizace
refugii zatim chybi pro Afrotropickou oblast a hypotézy na toto téma se liSi. Ma disertaCni prace
se zameéfuje na biogeografii a vnitfni vztahy rodu Rousettus s dirazem na historické evolucni
scénare, které vedly ke vzniku souasné populacni struktury v africké a blizkovychodni Casti
arealu rodu.

Do rodu Rousettus spada osm druhi (R. amplexicaudatus, R. celebensis, R. linduensis, R.
leschenaultii, R. spinalatus, R. madagascariensis, R. obliviosus and R. aegyptiacus), z nichz
Ctyfi jsou endemické na ostrovech v jihovychodni Asii a v zapadni oblasti Indického oceanu.
Druh R. aegyptiacus byl na zakladé morfologickych znakd rozdélen na Sest poddruhu Zijicich
v oddélenych geografickych arealech (Bergmans, 1994), ovdem v nékterych pfipadech jsme toto
rozdéleni zpochybnili pomoci molekularnich metod a vétsiho souboru vzorkd druhu (Hulva et al.,
2012; Stiibna et al., under review).

VSechny druhy rodu Rousettus tvofi klad Rousettini, ktery je sestersky vylu¢né africkym kladim
Epomophorinae + Stenonycterini + Plerotini + Myonycterini (Giannini & Simmons, 2005; Almeida
et al., 2011&2016) a odhaduje se, Ze se oddélil od jejich spoleného pfedka ve stfednim
Miocénu (Almeida et al., 2016). Pfedpoklada se, Ze rod kolonizoval Afriku pouze jednou, a to v
pozdnim Pliocénu, i zaCatkem Pleistocénu. Fylogenetické vztahy mezi druhy a poddruhy rodu



Rousettus byly zkoumany za pomoci rGznych molekularnich metod a s riznym zastoupenim
jedincu, druhd a poddruhd. (Almeida et al., 2016; Goodman et al., 2010; Giannini & Simmons,
2005).

Geneticka populacni struktura jakéhokoliv organismu je ovlivnéna mnoha faktory, jako jsou
historické udalosti, arealove, ekologické a behavioralni charakteristiky, adaptace k disperzi aj.
Oproti terestrickym savcim podobné velikosti, letouni dokazi pfekonat riizné geomorfologické
bariéry relativné snadno. Dalo by se pfedpokladat, Ze takova vagilita povede ke vzniku velkych
nestrukturovanych populaci, ovSem neni tomu tak vzdy (Campbell et al., 2006; Chen et al.,
2010; Hulva et al., 2012). Diky disperznim schopnostem osidluji kaloni rodu Rousettus mnoho
ostrovl tropického a subtropického Starého svéta a prestoze ne vzdy jsou ostrovni populace
povazovany za samostatny taxon, velmi ¢asto se od svych pfibuznych na pevniné do urcité miry
odliSuiji.

Endemické ostrovni druhy jsou vyrazné zraniteln&jSi antropogennimi hrozbami jako jsou
zavle€ené druhy, naduzivani pudy, lov nebo pfemira zemédélské Cinnosti, ¢imz jsou ohrozené
vice, nez Siroce rozsifené pevninské druhy (Conenna et al, 2017; Myers et al, 2000, McCreless
et al, 2016). Vzhledem ke koevoluci kalofiti a rostlin, maji kaloni klic¢ovy status v ekologickych
sitich tropl a subtropl Starého svéta a nezastupitelnou roli v obnové a udrZovani lesnich
ekosystéma.



Cile prace

e Pomoci fylogenetickych metod blize urcit vnitfni vztahy rodu Rousettus ve zkoumané oblasti
a porovnat tyto s dosavadnimi vysledky studii, pfedevSim s ohledem na ostrovni populace
rodu.

e Pomoci molekularnich metod zjistit populaéni strukturu druhl rodu Rousettus na celém
uzemi afrotropické, madagaskarské a saharo-arabské oblasti. Modernimi pfistupy populaéni
genetiky a fylogeografie odvodit historické a environmentalni faktory, které ovlivnily sou¢asné
fylogenetické a fylogeografické patrnosti.

e Pomoci molekularnich metod odvodit populaéni strukturu a mikroevoluci kaloné egyptského
(R. aegyptiacus) na severnim okraji jeho arealu na Blizkém vychodé&. Za pouZziti metod
krajinné genetiky a demografie posoudit vlivy plsobici na populace v mistni geomorfologicky
rozmanité oblasti.

e Pomoci modernich postupl populacéni a krajinné genetiky, prostorové ekologie a morfometrie
podrobné analyzovat charakteristiky genového toku a proximalni mechanismy vzniku
populaénich vzorcu kaloné egyptského v kontakini zoné mezi mediterannim a poustnim
typem krajiny na severozapadé Arabského poloostrova. Integrovat geneticka data s modely
zalozenymi na analyze enviromentalnich proménnych a krajinného pokryvu a s empirickymi
informacemi o realném prostorovém chovani z GPS a radiovych vysilacl. Testovat
pritomnost jevU ,isolation by environment‘ a ,isolation by adaptation® a vyvodit zavéry
vzhledem k hypotéze ekotypické variability ve zkoumané oblasti a roli antropogennich faktord
v mikroevoluci pozorovanych patrnosti.



Material a metodika

Populaéni struktura kalonl byla studovana molekularnimi metodami za vyuziti tkanovych vzork( a
bukalnich stérd jedincl rodu Rousettus. DNA byla izolovana pomoci standardnich protokol(
komercnich vyrobcl izolaénich souprav pro védecké Ucely. Bylo analyzovano osmnact az dvacet
nuklearnich mikrosatelitovych lokust navrzenych v publikaci Andrianaivoarivelo et al., 2008 dle
metodiky uvedené v Hulva et al., 2012. Odecitani velikosti alel probéhlo manualné vzhledem
k nutnosti interpretovat artefakty, tak zvany ,binning“ byl proveden pomoci vhodnych analytickych
nastroju. Ziskana data byla oSetfena proti vlivu nulovych alel a pfipadnému vzorkovani stejnych
jedinch. Populaéni struktura byla zkoumana pomoci Bayesianskych klastrovych metod zaloZenych
na jednotlivych genotypech. Byly spocitany charakteristiky alelické rozmanitosti pro kazdou populaci.
Genetické vzdalenosti byly porovnany se vzdalenostmi geografickymi a byla studovana jejich
vzajemna souvztaznost. Prostorové rozmisténi genetické variability ve vychodnim Stfedomofi bylo
analyzovano pfistupy krajinné genetiky.

Ve studiich provedenych na velkém Uzemi byly pro porozumeéni vztahim mezi populacemi a jedinci
pouzity sekvence mitochondrialni DNA. Byla provedena amplifikace Caste¢né sekvence genu pro
cytochrom b (964 pb) a/nebo sekvence hypervariabilni domény Il kontrolni oblasti mitochondrialni
DNA (239 a 307 pb). Byly spoc€itany parametry polymorfismu sekvenci a zobrazeny vztahy mezi
haplotypy pomoci haplotypovych siti. K rekonstrukci hlubSich fylogenetickych vztah( byly pouzity
fylogenetické metody zaloZzené na analyze distanci a strom(. Pro zobrazeni demografické historie
blizkovychodnich populaci byly vyuzity i metody zaloZzené na koalescenéni teorii. V detailni studii
zahrnujici morfometrickou variabilitu dvou geneticky odliSnych skupin kaloné egyptského byl
hodnocen vztah mezi fenotypickymi znaky a pfisluSnosti k dané skupiné. Variabilita délky predlokti,
vahy a jejich poméru byla analyzovana u dospélych jedincl obou skupin.

Pro vytvofeni mapy rozSifeni rodu Rousettus ve zkoumané oblasti byla pouZita data z publikovanych
praci a lokality vzork(i z naSich studii. Podklad map byl ziskan odvozenim souéasnych dat o
krajinném pokryvu a puvodni kategorie byly zobecnény pro ucely vyjadfeni afinity danych druhl a
poddruht k uréitym biotoptum.

Podrobnégjsi klasifikace biotopl byla provedena v kontaktni zéné mezi stfedomorskym a poustnim
typem krajiny na severozapadé Arabského poloostrova. Z mnoha zdroju byly pfevzaty informace o
gradientech podnebi (primérné roéni srazky a teploty) a druhu terénu (nadmofska vyska a vertikalni
riznorodost). Byly vyuzity moderni pfistupy krajinné genetiky, které modeluji vzorce genového toku
v heterogennim prostfedi pomoci analogie s prichodem elektrického proudu prostfedim
s nehomogennim odporem. Byly testovany hypotézy jevd znamych jako ,isolation by distance*
(korelace mezi genetickou vzdalenosti organism( a jejich geografickou vzdalenosti), ,isolation by
resistance” (korelace genetickych a rezistenénich vzdalenosti), ,isolation by environment” (korelace
mezi genetickou vzdalenosti organism( a podminkami prostfedi) a ,isolation by adaptation® (korelace
mezi genetickou vzdalenosti a pfitomnosti adaptaci).

Podrobné popisy jednotlivych analyz a testd vCetné pouzitych program( a jejich autor(i jsou
k nalezeni v jednotlivych publikacich uvedenych v zavéru tohoto autoreferatu.



Vysledky a diskuse

Ve studii zaméfené na celou zapadni ¢ast arealu rodu Rousettus jsme méli zastoupeno pét
druht téchto kalonld: R. aegyptiacus, R. leschenaultii, R. madagascariensis, R. obliviosus a R.
amplexicaudatus. Nami shromazdény material zahrnuje rozsahlé populaéni vzorky vSech druhu
a poddruhl zijicich ve studované oblasti a dva asijské outgroupy, coz predstavuje unikatni
soubor dat. Vysledky fylogenetické analyzy prokazaly vzdalenou pozici asijskych druht (R.
amplexicaudatus a R. leschenaultii), coz je v souladu s pfedchozimi studiemi (Juste et al., 1999,
Almeida et al., 2016). Linie vedouci k ostrovnim druhim vyskytujicim se na Madagaskaru a
Komorskych ostrovech se ukazala jako bazalni v ramci africké radiace a mohla se tak oddélit od
linie africkych kalonu bud kratce po jejich kolonizaci afrického kontinentu (Almeida et al., 2016),
nebo jesté pred touto udalosti. Subsaharské kontinentalni populace R. aegyptiacus vykazuji
znamky déleni na dvé &astecné sympatrické haploskupiny (Benda et al., 2012, Hassanin et al.,
2016). Taxonomické rozdéleni tohoto druhu na dva poddruhy Zzijici v geograficky oddélenych
Castech Afriky (Bergmans, 1994) v8ak nasemu vysledku neodpovida. Jelikoz toto rozdéleni se
neukazalo pfi analyzach rychle se vyvijejicich jadernych mikrosatelitd a vzhledem k odliSnosti
danych sekvenci pfedpokladame, Ze k vyvoji téchto dvou linii doSlo béhem suchych obdobi
Pleistocénu, kdy se puvodni populace stahla do riznych lesnich refugii a vyvijela se v alopatrii,
pravdépodobné v oblasti Konzské panve a vychodni Afriky. Nasledné otepleni pak umoznilo
izolovanym populacim znovu se rozS8ifit a propojit, coz dokazuje homogenni jaderny fond po
celém uzemi subsaharské Afriky. Podobné nestrukturovana panmiktickd populace na velkém
uzemi byla zaznamenana i u R. leschenaultii. Oba druhy maji velkou schopnost se Sifit a osidluji
jeskyné, coz vedlo k presvéd&eni, Ze tyto ekologické aspekty jsou pro tvorbu populaéni struktury
zasadni (Chen et al., 2010). Pretrvani obou mitochondridlnich haploskupin a jejich ¢aste¢né
vylu€ny areal nas vedl k hypotézam o rizném modu disperze z refugii, pfipadné o adaptivnich
znacich spojenych s mitochondrialni DNA.

Kaloni obyvajici Stfedomofi a Blizky vychod jsou od vySe zminénych populaci oddéleni nejen
geograficky (Saharou), ale také vyraznou genotypickou odliSnosti. Z analyz mitochondrialni DNA
vyplyva, Ze tato oblast byla osidlena jednou z africkych linii, nejspi§ v obdobi pleistocenniho
pluvidlu, kdy na Sahafe panovaly ve srovnani s dneSkem méné aridni podminky a tato poust tak
nepredstavovala nepfekonatelnou bariéru pro migraci organismu (Van Zinderen-Bakker, 1962).
Ostrovni efekty hraji vyznamnou roli v biogeografii kalofid rodu Rousettus, jak je vidét na
riznych urovnich. Hluboké divergence jsou patrné u ostrovnich druh( v Indickém oceanu (R.
madagascariensis na Madagaskaru a R. obliviosus na Komorskych ostrovech) a podobnym
zpUsobem se odliduji i ostrovni populace R. aegyptiacus v Guinejském zalivu, které byly jiz dfive
oznaceny za poddruhy tohoto kaloné na zakladé analyzy alozymu (Juste et al., 1996). Prostorové
detailngjSi studie zabyvajici se oblasti Blizkého vychodu poukazala na mélkou ale patrnou
genetickou divergenci populaci z Kypru a Egyptskych poustnich oaz, které predstavu;ji
habitatové ostrovy. Ve srovnani s homogenni populaéni strukturou u tropickych druhd sidlicich
v jeskynich je tato geograficky lokalizovana diferenciace populaci relativné vyraznd a muze
poukazovat na peripatrické procesy probihajici na okraji arealu druhu.

Pfedchozi subspecificka klasifikace (Bergmans, 1994) nebyla zcela potvrzena (Hulva et al.,
2012). Mediteranni ekotyp se vyskytuje od povodi Nilu pfes Levantu a Kypr aZz do Turecka.



Poustni ekotyp zasahuje z Arabského poloostrova na Sinaj a do Negevské pousté. V oblasti
Mrtvého more a severni Casti Negevské pousté existuje mezi obéma formami kontaktni zéna.

Pfestoze dochazi k hybridizaci zminénych subpopulaci, prudky gradient geoklimatickych
podminek prostiedi se odrazi v odliSné ekologii, morfologii i genetické kompozici a podporuje tak
nadi hypotézu, Ze se jedna o dva ekotypy (Centeno-Cuadros et al, 2017). JelikoZ na Blizkém
vychodé je krajina silné pozménéna lidskymi Cinnostmi, dalo se pfedpokladat, Ze vznik lidskych
sidel spolu se zemédélstvim mohlo napomoci témto ekotypim ke vzajemnému kontaktu.
Analyzy prokazaly, Zze mnozstvi vhodnych stanovist pro ukryty a zdroje potravy se vlivem lidi
zvySilo, a tak se podpoifil i jejich vyskyt napfi¢ Blizkym vychodem. Nicméné genovy tok mezi
koloniemi zminénych subpopulaci lidskymi €innostmi vyznamné ovlivnén nebyl. Tento rozpor ve
vyuzivani prostoru v souvislosti s trofickou a ukrytovou ekologii, ale zarovefi zachovani

vrwve

vybéru stanovist’ pro svou reprodukci (Centeno-Cuadros et al, 2017).



Zaveéry

Fylogeografické patrnosti pozorované v kontinentalni subsaharské oblasti arealu rodu Rousettus
poukazuji na historické obdobi vyvoje v alopatrii, které vedlo k utvofeni dvou mitochondrialnich
linii, a zaroven vysokou miru genového toku zprostfedkovaného samci, reflektovanou v absenci
struktury nuklearnich markerd. Plio-Pleistocénni klimatické zmény zahrnovaly mimo jiné stfidani
pluvidlnich a interpluvialnich period. Tyto jevy nejspiSe vedly k oscilacim areall zahrnujicim
alopatrii v lesnich refugiich, situovanych pravdépodobné v oblasti Konzské panve a vychodni
Afriky, a periodam Sirsi distribuce v susSich obdobich. V evoluci poddruhl a druht téchto kaloriu
hraji vyznamnou roli ostrovni efekty vedouci k izolaci mistnich populaci.

V oblasti Blizkého vychodu jsme zaznamenali relativné vyraznou populacni strukturu odrazejici
geomorfologii této oblasti véetné habitatovych ostrovu a slozitou demografickou historii na okraji
arealu kaloné egyptského.

Pfechodova z6na mezi stfedomofskymi a poustnimi oblastmi tvofi prudky gradient
geoklimatickych podminek prostfedi, jez se projevuje v odliSné ekologii, morfologii i genetice
mistnich populaci a podporuje tak nasi hypotézu, Ze se jedna o dva ekotypy kaloné egyptského.
Antropogenni vlivy prokazatelné podpofily vyskyt kalofii na Blizkém vychodé, genovy tok mezi
témito ekotypy vSak vyrazné neovlivnily.

Jelikoz kaloni rodu Rousettus predstavuji klicové druhy pro obnovu a udrzZeni lesnich
ekosystému, jsou vhodnym pfedmeétem studia ochranaiské biologie a ekologie obnovy.



Introduction

The Old World fruit bats, Pteropodidae, represent a monophyletic taxon in the suborder
Yinpterochiroptera. These flying mammals with many unique adaptations, phytophagy and an
extraordinary ecological and economic importance probably originated in Asia and their main
habitat lays in the tropics and subtropics of the Old World. Various bats from average body size
to the largest in the world pertain to this family of 42 genera and about 186 species and many of
them play an essential role as pollinators and seed dispersers. The orientation for a stationary,
colourful food caused the dominance of the vision and olfaction, which are supported by large
eyes, tapetum lucidum and dog-like muzzles. They often forage in large groups and some
migrate seasonally in relations with fruit phenology. Fruit bats roost mostly in trees or caves. A
single individuals or a groups of even hundreds of thousands can be present at one site. The
majority and especially the solitary living species tend to be brownish and inconspicuous but
some males possess colourful long hair on their heads and shoulders emphasizing their scent
glands. These traits are coupled with the sometimes very loud and elaborate courtships
(Altringham, 2011).

Rousettus is a fruit bat genus with the broadest distribution partly thanks to the ability to
echolocate (unique in fruit bats), which allows to hide in the darkness of caves during the day,
and partly due to the exceptional dispersal capacity of these animals. Their distribution range
covers the Oriental, the Afrotropical and the Saharo-Arabian biogeographical realms (Juste et
al.,, 1999). The impact of Plio-Pleistocene climatic oscillations in the temperate zone of the
northern hemisphere is seemingly well studied and specific refugia were identified based on the
phylogeographic patterns of different organisms (Hewitt, 1999). Such a clear outcome is lacking
for the Afrotropical region and hypotheses concerning this topic vary. My dissertation focuses on
biogeography and inner relationships of the genus Rousettus with an emphasis on the historical
evolutionary scenarios that have led to the current population structure in the African and Middle
Eastern parts of the genus’ range.

Eight species fall into the genus Rousettus (R. amplexicaudatus, R. celebensis, R. linduensis, R.
leschenaultii, R. spinalatus, R. madagascariensis, R. obliviosus and R. aegyptiacus) four of
which are endemic to islands in southeast Asia and western Indian ocean. R. aegyptiacus has
been divided into six sub-species inhabiting discrete geographic areas by Bergmans in 1994,
however, in some cases, we questioned the former subdivision by means of molecular methods
and increased sampling of the species (Hulva et al., 2012; Stfibna et al., under review).

All species of the genus Rousettus form the Rousettini clade, which constitutes one of four
branches that encompass lineages present in Africa. It has been placed as a sister to the
entirely African Epomophorinae + Stenonycterini + Plerotini + Myonycterini clade (Giannini &
Simmons, 2005; Almeida et al., 2011 & 2016) and was estimated to diverged from their common
ancestor in Middle Miocene.



From the Asian ancestor lineages, the genus Rousettus is believed to colonize Africa only once
in the late Pliocene or early Pleistocene. Phylogenetic relationships among species and sub-
species of Rousettus have been resolved genetically by several authors with differing number of
species, sub-species, individuals and markers used (Almeida et al., 2016; Goodman et al., 2010;
Giannini & Simmons, 2005).

Genetic population structure of any organism is influenced by many factors such as historical
events, geographical, ecological and behavioural characteristics, capacity to disperse and
others. Unlike terrestrial mammals of comparable size, bats are overcoming various
geomorphological barriers with relative ease. Although it could be presumed, that such vagility
leads to large unstructured populations in bat species, it is not often the case (Campbell et al.,
2006; Chen et al., 2010; Hulva et al., 2012). Fruit bats of the genus Rousettus inhabit many
islands within the tropics and subtropics of the Old World. Although not all these isolated
populations are considered as independent taxa, insular rousettine bats very often differ from
their mainland relatives to certain level.

Island endemic bats are significantly more threatened than broadly distributed species especially
due to higher vulnerability towards anthropogenic threats, such as invasive species, land-use
intensification, climate change, and overharvesting (Conenna et al., 2017; McCreless et al.,
2016). Since fruit bats coevolved with plants, they now play a key role in the recovery and
maintenance of forest ecosystems of the Old World.



Aims of the study

e To infer inner relationships of the genus Rousettus in the studied area with the aid of
phylogenetic methods. To compare new results with previous publications especially
regarding insular populations of the genus.

e To infer population structure of the lineages within genus Rouseftus in the Afrotropical,
Madagascan and Saharo-Arabian realms by molecular methods. To infer historical and
environmental factors, that influenced the current phylogenetic and phylogeographic patterns
by means of modern approaches within population genetics and phylogeography.

e To infer the population structure and microevolution of the Egyptian rousette (Rousettus
aegyptiacus) in its northern distribution border in the Middle East by molecular methods. To
assess the factors influencing the populations in this geomorphologically complex region by
methods of landscape genetics.

e To thoroughly analyse characteristics of gene flow and proximal mechanisms leading to the
population patterns of the Egyptian fruit bat in the contact zone of Mediterranean and desert
habitat in the northwest of Arabian Peninsula using modern procedures of population and
landscape genetics, movement ecology and morphometry. To integrate genetic data with
models based on the analysis of environmental variables and land cover and with empirical
data of spatial behaviour from GPS/radio tracking. To test for isolation by environment and
isolation by adaptation and to infer conclusions considering ecotypic variability hypothesis in
the studied region and the role of anthropogenic factors in the microevolution of observed
patterns.



Material and methods

Population structure of Rousettus fruit bats was studied by molecular methods with the use of buccal
swabs and tissue samples. DNA isolation was performed according to standard protocols of
commercial kits for research purposes. Eighteen to twenty microsatellite loci designed by
Andrianaivoarivelo et al. (2008) were analysed according to the protocols in Hulva et al., 2012. Allele
calling was executed manually to avoid errors and allele binning was performed by appropriate
analytical tools. Acquired data were scanned for the presence of null alleles and possible matching
genotypes. Population structure was examined by means of individual based Bayesian cluster
analyses. Allelic variation characteristics for each population were calculated. Genetic and
geographic distances were compared and their correlation was studied. Spatial distribution of genetic
variability in the Mediterranean was analysed by landscape genetic approaches. Mitochondrial DNA
sequences were employed for the study of inter-population and inter-individual relationships on a
broad research area. The amplification of partial sequence of the cytochrome b gene (964 bp) and/or
the sequence of hypervariable domain Il of the control region of mitochondrial DNA (239 a 307 bp)
was performed. Parameters of sequence polymorphism were calculated and relations between
haplotypes were displayed in haplotype networks. Phylogenetic methods based on the analysis of
distances and trees were utilized for the reconstruction of deeper phylogenetic relationships. In
addition, methods based on coalescent theory were used to show demographic history of the Middle
eastern populations. The relationship between phenotypic traits and pertaining to a given group was
evaluated in a detailed study that involved morphometric variability of two genetically distinct groups
of Egyptian fruit bat. Forearm length, weight and their ratio variability was analysed for adult
individuals of both groups.

Data from published works and localities of samples in our studies were taken to create a map of the
occurrence of Rousettus fruit bats. Current land cover data derived from the ESA Climate Change
Initiative - Land Cover (2017) were acquired and former categories were generalized to express a
given species affinity to particular habitats. More detailed habitat classification was accomplished in
the contact zone between Mediterranean and desert type of environment in the northwest of Arabian
Peninsula. Information on climate gradients (average rain fall and temperature) and terrain (altitude
and vertical heterogeneity) was taken from many sources. Modern approaches of landscape genetics
based on circuit theory were used. Hypotheses of isolation by distance, isolation by resistance,
isolation by environment and isolation by adaptation were tested.

Detailed descriptions of individual analyses and tests inclusive of programmes utilized and their
authors can be found in the publications stated at the end of this summary.



Results and discussion

Five species of the genus Rousettus were represented in our study focused on the whole
western part of the genus’ distribution range: R. aegyptiacus, R. leschenaultii, R.
madagascariensis, R. obliviosus a R. amplexicaudatus. Our assemblage of samples covered all
of the species and sub-species living in the studied area and two Asian outgroups — a unique
representation analysed to date. Phylogenetic analyses proved distant position of Asian species
(R. amplexicaudatus a R. leschenaultii) which is concordant with previous studies (Juste et al.,
1999, Almeida et al., 2016). The lineage leading to Madagascan and Comorian species has
shown to be basal in the African radiation a could have diverged from the African fruit bats
shortly after their colonization of the African continent (Almeida et al., 2016) or even before this
event. The mainland populations confirm the signature of a split into two haplogroups (Benda et
al., 2012, Hassanin et al., 2016). However, the taxonomic division into two subspecies living in
geographically separated African areas (Bergmans, 1994) does not correspond to our finding.
Since this pattern is not mirrored by fast-evolving microsatellite markers and considering the
proportional distances of the sequences we hypothesize that the two lineages evolved during
cold periods of the Pleistocene in allopatry in different forest refugia, probably in the Congo
Basin and east Africa. The subsequent warm periods allowed the expansion and merging of
both temporarily isolated lineages, which is proven by homogeneous nuclear pool all over sub-
Saharan Africa. Similarly unstructured panmictic population was found in R. leschenaultii. Both
species own high dispersal capacity and roost in caves, which has led to the notion, that these
ecological aspects are essential for the formation of a population structure (Chen et al., 2010).
The persistence of both mitochondrial haplogroups and their partly exclusive distribution has led
us to a hypothesis about different modes of dispersion from refugia, or eventually about adaptive
traits associated with mitochondrial DNA.

Fruit bats inhabiting Mediterranean region and the Middle East differ from the above mentioned
populations not only geographically (Sahara), but also by marked genotypic divergence. From
analyses of mitochondrial DNA ensues the origin of this lineage from an African one, which
colonised this area most probably in the Pleistocene pluvial, when the conditions on Sahara
were less arid and this desert did not pose an impenetrable barrier to migration of organisms
(Van Zinderen-Bakker, 1962). As seen on various levels, insular effects play an important role in
the biogeography of the Rousettus fruit bats. Deep divergence is obvious in species in the Indian
Ocean (R. madagascariensis in Madagascar and R. obliviosus in the Comoro Islands) and
similarly differ the island populations of R. aegyptiacus in the Gulf of Guinea, which were
previously denoted as its subspecies based on allozyme analyses (Juste et al., 1996).

Spatially more detailed study of the Middle East showed a shallow but noticeable genetic
divergence of populations from Cyprus and Egyptian desert oases, which represent habitat
islands. In comparison with the homogeneous population structure of the tropical cave dwelling
species is this differentiation relatively marked and may indicate ongoing peripatric processes of
the species’ range margin.

The former sub-specific classification (Bergmans, 1994) was not entirely confirmed (Hulva et al.,
2012). The Mediterranean ecotype occurs from the Nile basin across Levanta and Cyprus to
Turkey. The desert ecotype occurs from the Arabian Peninsula to Sinai and the Negev desert.
Between the two forms exists a contact zone in the Dead Sea region and the northern part of the



Negev desert. Although admixture occurs, the steep gradient in geo-climatic conditions is
reflected in differing ecology, morphology and genetics and supports our hypothesis of ecotypic
variation (Centeno-Cuadros et al, 2017). It could be presumed, that the human landscape
alteration of the Middle East and the emergence of settlements and agriculture could have
helped the ecotypes to mutual contact. Analyses proved, that the amount of roosting and
foraging sites raised due to the human impact and the occurrence of the fruit bats throughout the
Middle East was supported. However, the gene flow between the two mentioned colonies was
not influenced by human activities. This discrepancy between habitat use and gene flow patterns
may, therefore, be explained by the breeding system of the species and modifications of natal
dispersal patterns(Centeno-Cuadros et al, 2017).



Conclusions

Observed phylogeographic patterns in the continental sub-Saharan area of the Rousettus range
indicate a historical period of allopatric evolution, which has led to the forming of two
mitochondrial lineages and at the same time high level of male mediated gene flow reflected in
the absence of structure in nuclear markers. The periods of climatic changes of the Plio-
Pleistocene included the alternation of pluvial and interpluvial stages. These phenomena have
led to oscillations of distribution ranges implying periods of allopatry in forest refugia, probably
situated in the Congo Basin and eastern Africa, and periods of broader distribution ranges during
dryer times. Insular effects that lead to the isolation of local populations play a significant role in
the evolution of species and subspecies of these fruit bats.

We have noted a relatively marked population structure reflecting the regions’ geomorphology
including habitat islands in the Middle East and a complex demographical history on the edge of
Egyptian fruit bats’ range.

The contact zone between Mediterranean and desert areas forms a steep gradient of geo-
climatic conditions, which is manifested in differing ecology, morphology and genetics of local
populations and supports our hypothesis that two ecotypes of Egyptian fruit bat are present.
Anthropogenic influences demonstrably supported the occurrence of fruit bats in the Middle
East, while gene flow between them was not affected.

Since the fruit bats of the genus Rousettus represent keystone species important for the forest
recovery and sustainability, they are proper object in the fields of conservation biology and
restoration ecology.
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